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Background

* |dea:

* Develop low material and cheap cooling substrates as an alternative to
silicon microchannel substrates.

* Hard Requirements:
* Low material: <0,5% X0 (equivalent to 0.5 mm of Si)
* Min. pressure: >186 bar (Dependent on cooling method)

* Requirement?
* High thermal conductivity
e CTE matching silicon (low CTE)
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Background

* |dea:

* Develop low material and cheap cooling substrates as an alternative to
silicon microchannel substrates.

* Hard Requirements:
* Low material: <0,5% X0 (equivalent to 0.5 mm of Si)
* Min. pressure: >186 bar (Dependent on cooling method) | i

* Requirement?

+ High thermal-conductivity => Sensor: -50°C...-40°C @2 W/cm?
+ CTE-matchingsilicen{lewCFE}  => (Shape) stability, thermal stresses
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Candidate materials

Lightweight, strong and cheap material.

* Preferably: CTE close to Silicon and high
thermal conductivity

AIN (A|203) Ceramics
+ Radiation length, high thermal conductivity
and low CTE

Aluminum

+ Radiation length, high thermal conductivity =~ Metals
- High CTE

Borosilicate glass
+ Radiation length, low CTE
- Low thermal conductivity

Glass

Silicon (Si)

Aluminum
Nitride (AIN)

Aluminum
Oxide (Al203)

Aluminium (Al)
Titanium (Ti)
Fused Silica

Borosilicate

—>Manufacturability
1. Can we make small enough internal structures?
2. Can we make thin enough walls?

Density

[kg/m?3]

2329
3260

3985

2680
4500
2200

2230

Radiation
length
[mm]

94
84

69

89
36
123

126

CTE Thermal

[um/(m*K)] | conductivity
[W/(m*K)]

2,5 124

3,9-4,9 180 - 212

7-8 29

20,9 113 - 237

8,6 6,7-16.4

0,4 1,7

3,25 1,1
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Technologies

Lightweight, strong and cheap material.

* Preferably: CTE close to Silicon and high
thermal conductivity

AIN (Al,0,)

+ Radiation length, high thermal conductivity
and low CTE

Aluminum
+ Radiation length, high thermal conductivity
- High CTE

Borosilicate glass

R

+ Radiation length, low CTE
- Low thermal conductivity

—>Manufacturability
1. Can we make small enough internal structures?
2. Can we make thin enough walls?

LTCC — Oscar (University of Manchester)
CerAM VPP (3D printing ) — Oscar and this presentation

Selective Laser Melting (3D printing)

Wet etching
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3d printed Aluminum ‘
Idea: Print small channels, thin down walls. -
|

e 3d printed Aluminum: AlSi10Mg

* High radiation length, high thermal conductivity
* Si0,5% X0 equivalent thickness: t, = 0.47 mm

 Sample —MT3D|[Be]
* Size: 40 mmx 27 mmx 1.5 mm
* 11 parallel channels size 0.8 x 0.5 mm
e Wall thickness: 0.5 mm

* Results
e X-ray image: Clear channels = -
* Helium Leaktest: 1 out of 5 leaktight Helium leaktest X-ray image

* Min. Leak tight wall thickness after machining: 0.4
mm

| g

Printed samples

* Discussion
* Yield could be improved by printing reduced layer thickness

e Lower wall thickness might be obtained with other alloy: CP1? N i k h ef
6



Cross sectional area closed substrate: 0.47 x 15 = 7,1 mm?

Open structure Same cross sectional area in two square . .

channels: 2x1,9x1,9= 7,1 mm?2

e |[ssue: Too much material Two rectangular channels:
o rectonguler chen N N

 Min. wall thickness: 0.4 mm
e Channel height: 0.5 mm

e Substrate thickness: 1.3 mm Three rectangular channels:
. . 3x1,5x1,5=7,1 mm?
=1.3 mm > 0.47 mm (Low material requirement)

Four rectangular channels:
4x1,3x1,3=7,1 mm?

 Solution Idea: Open structure (e.g. plan Z)

* Same volume of material, but concentrate around
channels

* Options
* Few large channels: Larger internal channels => low
pressure drop

* Many small channels: More homogenous sensor
temperature
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Cross sectional area closed substrate: 0.47 x 15 = 7,1 mm?

Open structure Same cross sectional area in two square . .

channels: 2x1,9x1,9= 7,1 mm?2

For CO2
. sublimation low
e Issue: Too much material oressure drop is Two rectangular channels: - -
* Min. wall thickness: 0.4 mm criticall » 2x1,3x2,7=7,1 mm?

e Channel height: 0.5 mm

e Substrate thickness: 1.3 mm Three rectangular channels:
. . 3x1,5x1,5=7,1 mm?
=1.3 mm > 0.47 mm (Low material requirement)

Four rectangular channels:
4x1,3x1,3=7,1 mm?

 Solution Idea: Open structure (e.g. plan Z)

* Same volume of material, but concentrate around
channels

* Options
* Few large channels: Larger internal channels => low
pressure drop

* Many small channels: More homogenous sensor
temperature
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Sensor
Cooling : : :

Strength — Chaﬂﬂe| substrate

* Intended design: 2 rectangular channels
* Internal channel size: 2,0 mm x 0,5 mm

—Channels can not be made too wide to withstand
pressure.

 Calculations (Analytical & confirmed by FEM)

e Load case: Single rectangular channels with pressure
* Material: AISi10Mg
—Max. internal channel width for t=0,4 mm: 1,6 mm

 Conclusion

* The intended channel is too wide; the strength has to
be enhanced: Pillars

Figure 23 Beam Fixed at Both Ends - Uniformly Distributed Load
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Prototype design Orifice plates

* Al (AlSi10Mg) prototype for Velopix triplet Connector

» 2x Rectangular channels:
* Inner channel dimensions: 2.0 mm x 0.5 mm
* One row of internal Pillars
* Wall thickness: 1.0 mm

* Replacable orifice plates:
#3000 um, @100 um, @50 um, @20 um

* Bulky connectors to CO2 supply
» €95 per piece, 2 weeks delivery time

X-ray image Pillar
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Thermal performance = igom
- simulation =1 — e
°°°°°° — 5 A : =
* Open structure: Sensor is not fully supported by R
substrate | | 5 5 5
=Similar to overhang in U1 i
* Less homogenous sensor temperature: larger DT
e Simulation results B e
* Sensor & ASIC: 100 um | |

 Large DT due to 2.8 mm overhang: ~10°C at 2 W/cm?

e Conclusion / Discussion e
e DT should be reduced: More channels and less I :
overhang or thicker sensor (?). o
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Thermal performance - Measurement

* Preliminary result; not all tests are successful..
* CO2 sublimation with 2x @100 um orifice

e Silicon plate (dummy sensor) with thermocouples (TC) taped onto 3d
printed prototype

e Result Si-plate Heater
* Snow created with minor blockages
e -40°C at both TC’s with O W TC
* 0°C at Silicon plate (sensor) with 2 W/cm? Double
e DT from sensor to substrate of 40°C sided tape |
e Analysis T ﬁfcfl'é'lg
ype

* Double sided tape: 0.1 mm, PVC => can explain high temperature rise
at higher heat load

e Sensor was broken N i k h e.':

—>Measurement not representative



3d printed aluminum — Future work

* Current prototype
* Redo CO2 sublimation performance testing

* Testing Two phase CO2 evaporation
* Modify set-up to control exit pressure

* Thinning of prototype to 0.4 mm?
* Pressure testing

* Design substrate for Module 0 testing
 Many small channels, instead of few large channels.
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3d printed Ceramics

|Idea: Print small channels, thin down walls.

* 3d printed Ceramics
. IS-I_iIgh radiation length, high thermal conductivity, CTE close to
ilicon
e Start with Al O, (Lithalox 360) and move on to AIN
* Si 0,5% X0 equivalent thickness:
* tyn=0,45 mm
* thpo3 =0.37 mm

* Sample (Fraunhofer IKTS, Nikhef)

* Al,O; Samples (32x) with same outer dimensions, but different
channel size:

e Quter dimensions: “20 mm x 20 mm x 2.5 mm
 Channels: 1.5 mm, 00.75 mm, 00.37 mm, 00.2 mm
—>Managed all channels clear after some trials

* Not cheap.. N ik h ef

X-ray: 00,37 mm X-ray: 00,2 mm
channels channels



Program name 20250523_Ceramic Cooling Substrate Open_v1

Drawing number 120283/B

Nikhef project CO2 Sublimation Cooling Time/Date 5/28/2025 3:04 PM
Nikhef part name Ceramic Cooling Substrate Open Run All Characteristics
Nikhef part number B05 Number measured values 13

Operator Master Number values: red @ 6

[ ] [ ] Name Measured value Nominal value +Tol -Tol Deviation  +/-
3 r I n l e ( e r l m I ( f 5 Flatness Top Plane 0.064 mm 0.000 0.050 0.000 0.064 ._ 0.014
Points 779
Filter type No Filter ﬂ'mnmn‘""

Lc

. Vm:ssﬁmm."zﬁ:} :0533 mﬂ"m“m m .
e Surface measurements — Zeiss Calpyso - g™

e
* Flatness: best £25 um, worst £90 um. . %
: Lo -
* Parallelism: <20 um e

250:1
E Flatness Bottom Plane 0.180 mm 0.000 0.050 0.000 0180 @ [T 0.130

¢ CO NC I us | on / D | SCUSS | on o Yo Fiter [l “H

* Internal channels of 0.2 mm are possible (but dependenton ... .. m LN
length, shape, etc) e —

* Prototype tends to curve, but thickness remains pretty i
constant. "

e Deviation is larger than glue layer (~*70 um)

e Future work:

* Thinning down to wall thickness:
* Hard-machining — Makes surfaces flat
* Etching — Keeps wall thickness constant
* Pressure test
* Upgrade design for Module O testing
* (Work towards AIN)?




Wet etching — Borosilicate glass

* |[dea: Design, order and test (strengh, thermally)
* Proven technology for small internal structures

* Borosilicate glass - Micronit
* High radiation length and low CTE =
* Si0,5% X0 equivalent thickness: t,... = 0.67 mm

glass

* Wet etching - Micronit

* |sotropic etching (uniform material removal in all direction)
* Rounded edges
e Channels wider than deep: no square channels

* 150 mm x 150 mm square wafers
e 10...12 Module 0 substrates per wafer + test samples

* Etched wafers from 270 um thickness
* Direct bonding

Mask width varies

d = depth: layer 1 - 40 pm, layer 2 — 80 um

After etching

Micronit

|||||

mm? mm?




Borosilicate glass /))))) \\\

* Microchannel design — Module O H[[[[
G

e Similar to LTCC design

* 10 x Channels: 200 um x 120 um | ‘)]]]]

* Pitch: 1000 um 4

e Restriction: 120 um x 40 um (Equivalent =] |

Hydraulic diameter: 60 um x 60 um) Microchannel design Extra dense variant

* Wafer 1: 270 um with etching depth: 40 um 500 um 570 um .

e Wafer 2: 270 um with etching depth: 80 um ! um
R40 um Wafer 1 R40 um Wafer 1

\ A
* Variant — Extra dense coum
* 14 Channels: 200 um x 120 um Wafer 2 Water 2

e Pitch: 700 um
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Borosilicate glass — Thermal performance

) tatic Temperature [C]

* Borosilicate glass: Very low thermal conductivity = ,
. - T —
* Silicon: 124 W/(m*K) el
e Borosilicate: 1.1 W/(m*K) - | ;
...E} ;
¢ S|mUIat|On reSUItS Simulations by Andrei Prahoveanu
* Borosilicate substrate 540 um, with 200 um x 120 um  _ .
channels with 2 W/cm? heat load o Aoy
 Stycast glue layer: 70 um P
* Max. DT substrate to sensor: 4,7 K
* Discussion i:Z:;;; i
* Increased DT acceptable if sensor can be cooledto- ™
50°C (Krypton cooling?)
* Increased thermal deformation? i
Nik|het



___________

Borosilicate glass — Pillar design

* |dea:
* Minimize conductive path length
* Large cross sectional area

* Pillar design —Module 0
e S-shaped channel: 6.75 mm x 80 um

* Pillars every ~1.4 mm for sufficient
strength

e Staggered, eliptical pillar layout for
better heat transfer

* Orifice to trigger evaporation /
sublimation

Orifice Eliptical pillars

e Variant: Increased pillar density

 Pillars every ~0.7 mm for increased
strenght 7 J

e Variant: Straight channel
e Straight channel: 21 mm x 80 um

Increased pillar density Straight channel



Status & Future work

* Price indication based on initial wafer design

* Price per wafer decreases per increased order
guantity, but rather high initial costs.

* Reasonable cost per substrate for sufficiently high
number of wafers.

* Future work
* Finalize substrate design
—>Waiting for radiation hard chipboard design
* Order and test
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Hard Requirements:
* Low material: <0,5% X0 (equivalent to 0.5 mm of Si)

S u m m a ry * Min. pressure: >186 bar (Dependent on cooling method)

e 3d printed Aluminum
e Cheap, fast turnaround, quick to optimize.
Likely to realize substrate within hard requirements => open structure

Thermal gradient over sensor will be large and thermal performance
will be worse than closed structure, but is it acceptable?

Unknown: CTE mismatch could lead to unacceptable deformations,
thermal stresses and reduced life time.

* 3d printed Ceramics
 Unknown if hard requirements can be met.
* Much will become clear after thinning and pressure testing.
* Not cheap and not fast. Decent potential, but still much work.

* Wet-etching Borosilicate
* Likely to realize substrate within hard requirements => closed structure

* Heat transfer will be worse, leading to a DT of ~5°C from substrate to 5
sensor, but is it acceptable? N 1 k h ef




Discussion

* Silicon microchannels seems to be the preferred choice for flat
substrates.

* Wet-etching Borosilicate could be a full alternative, but with
worse heat transfer.

* 3d printing mainly becomes interesting for more complex shapes.
* concentric design with singlets and each singlet at different angles
* Two triplets with different angles

* 3d printed ceramics might not be pursued further beyond current  Concept: Open substrate
production step. for two triplets at an

« Many steps, high uncertainty, no clear advantage over LTCC, etc. angle
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